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Introduction
As the use of shoulder arthroplasty increases, so does the number of revision shoulder arthroplasties [5, 8, 18, 21, 22] . Humeral bone loss is commonly encountered during these revision procedures [5, 6, 8, 10, 16-18, 21, 22] , and anticipating humeral bone defects can help the revision surgeon make appropriate plans to achieve adequate fixation and stability [13, 20] .
However, no validated classification system exists to characterize humeral bone loss in the setting of revision shoulder arthroplasty. A classification system offers multiple advantages. Revision shoulder arthroplasties often are complex, and it can be difficult for the surgeon to determine which aspects of the pathology most influence treatment. In these types of situations, classification systems can provide a substantial benefit to the surgeon by clarifying the pathology. As a result, within orthopaedics, many classification systems have achieved widespread use. A classification system can inform diagnosis, treatment, and prognosis. In the setting of revision shoulder arthroplasty, such a system could guide surgeons with regard to a number of important clinical choices such as use of allograft, extended-length stems, proximal humeral replacement (or total humeral replacement), and the likelihood of intraoperative humeral-related complications such as greater tuberosity fractures. From a research perspective, a classification system allows future studies to compare equivalent pathologies. The ideal system would allow reliable classification based on plain radiographs alone and would provide diagnostic, therapeutic, and prognostic information to the surgeon and the patient.
The purposes of this study were to (1) create a classification system for humeral bone loss in revision shoulder arthroplasty; (2) determine the classification system's reliability; and (3) determine whether humeral bone loss type is associated with intraoperative humeral-related reconstruction characteristics.
Materials and Methods
We conducted a multipart study. This study was approved by the institutional review board of the University of Utah, which granted a waiver of consent for chart and image review, because all data were secured, stored, and transmitted in a deidentified fashion. First, we gathered a group of experienced, high-volume shoulder arthroplasty surgeons interested in developing a classification system. A simplified classification system previously described by one member of this group (PB) was used as a starting point [2] . Within this group, we first discussed elements that each member felt should be incorporated. A draft system was then created and reviewed by each individual for commentary. This resulted in multiple rounds of revisions. These were reviewed iteratively until there were no further objections.
Second, we created a study set of radiographs and clinical histories for analysis. To create this set, we considered potentially eligible all patients who underwent revision shoulder arthroplasty between November 15, 2006, and January 4, 2018, as determined by the use of Common Procedural Terminology (CPT) codes 23331, 23332, 23333, 23335, 23473, or 23474. Five different surgeons (PNC, RZT, PG, RB, RLR) performed the operations. Only two of the surgeons (PNC, RZT) were involved with creation of the classification system. This list was reviewed and only those shoulders with prerevision AP, Grashey, and lateral-view radiographs and an operative report were included. Both axillary and scapular Y lateral-view radiographs were acceptable. We also excluded those shoulders in which the humeral component had (1) not been revised; (2) where a new permanent humeral component was never placed; (3) where there was no prior humeral component; or (4) where a platform stem was present and the fixated portion was not revised. These groups were excluded because the association between the classification system and aspects of humeral component revision could not be evaluated without humeral component revision. Our initial search based on CPT codes revealed 159 shoulders in 157 patients. Application of criteria resulted in the exclusion of 51 shoulders in 51 patients (Fig. 1 ). Applying these exclusions left us with the records of 108 shoulders in 106 patients for analysis.
Radiographic Review Protocol
To address the second purpose of this study, we took all 413 radiographs from 108 shoulders, assigned each one a study ID, and deidentified them to allow blinded review. These radiographs were then reviewed in a blinded fashion by two attending orthopaedic surgeons with fellowship training in shoulder and elbow surgery (JMG, DHS) and each radiograph was assigned a type and subtype according to the Proximal Humeral Arthroplasty Revision Osseous inSufficiency (PHAROS) Classification, which is summarized in the Results section that follows (Fig. 2 ). All efforts were made for these individuals to be insulated from the clinical details to provide an unbiased assessment of the clinical power of the system. Specifically, these individuals were at two centers not involved in creation of the system. Neither was at the center where the revisions were performed nor did they perform any of the revisions. These individuals were blinded to the clinical details regarding the revisions. Neither surgeon was familiar with any of the patients or radiographs. To ensure that these individuals understood how to apply the system, they graded the first 15 radiographs and these results were reviewed with the group. This process was repeated for the second 15 radiographs. The remainder of the data set was then graded and we tested interrater reliability. These reliability results were calculated both with and without these training sets. One individual (PNC) reviewed and rereviewed all radiographs twice separated by 4 months and assigned a type and subtype to determine intrarater reliability.
Data Collection Protocol
To address the third purpose of this study, for each patient, the following data were collected by chart review: laterality, age, gender, initial implant type (hemiarthroplasty, total shoulder arthroplasty [TSA], or reverse total shoulder arthroplasty [RTSA]), surgeon, etiology of failure as described within the operative report diagnosis section, manufacturer of the revision humeral component, stem length in centimeters, method of stem fixation (cemented Fig. 1 This flowchart demonstrates the results of our initial search based on CPT codes as well as study group size after the application of exclusion criteria.
versus cementless), humeral liner type and thickness, method of stem extraction, whether a humeral bone graft was used and what type, how the graft was prepared, the length of the humeral bone graft used, whether the subscapularis was repaired, whether there were any concomitant tendon transfers, and whether the greater tuberosity required repair as a result of intraoperative fracture. At the center where these revisions were performed (November 15, 2006, and January 4, 2018), no attempt to classify bone loss was made. During that period, the general indications for greater tuberosity fixation included the absence of a stable osseous connection between the greater tuberosity and the shaft of the humerus with a tuberosity amendable to repair; the general indications for use of longer stems were inability to obtain a minimum of two cortical widths of overlap between the implant and the humeral diaphysis and/or loss of the greater tuberosity; and the general indications for proximal and total humeral replacement were bone loss that was felt to be too severe to allow reconstruction with allograft.
Statistical Analysis
Probability values < 0.05 were considered significant. All analyses were conducted in Excel X (Microsoft, Redmond, WA, USA) and SPSS 23 (IBM, Armonk, NY, USA). To determine reliability, we calculated Cohen's k. We defined a priori that a k of > 0.5 would be considered the lower limit of acceptability because this is (1) similar to the published k of the widely used Paprosky system [4] ; (2) above 0.4, which is the lower limit of moderate agreement according to Landis and Koch [12] ; and (3) above 0.4, which is the lower limit of fair to good agreement according to Fleiss [9] . Using chisquare tests, categorical variables were compared among bone loss types. Because all continuous data were nonnormally distributed (as determined by the KolmogorovSmirnov test), continuous variables were compared among the three numeric types using Kruskal-Wallis tests and we did not perform post hoc testing. The grades of the first of these individuals to finish grading the radiographs were used in the comparative analysis as was decided a priori.
Results

A Classification System for Humeral Bone Loss in Revision Shoulder Arthroplasty
After reaching a consensus, the authors arrived at a system for classifying humeral bone loss consisting of three numeric types (Fig. 2) with these further subdivided into alphanumeric subtypes (Fig. 3) . This system was named the PHAROS Classification after the ancient Greek word Pharos, a lighthouse that guides sailors in a storm. Type 1 was epiphyseal bone loss with the epiphysis including the articular surface, tuberosities, and calcar. Type 1 was subdivided into the following subtypes: Type C calcar loss (as seen on the Grashey and axillary radiographs) and Type G compromise (that is, loss or malunion) of the greater tuberosity. Type 2 was metadiaphyseal bone loss with the metadiaphysis defined as that bone above the deltoid attachment. Type 2 was subdivided into the following subtypes: Type A was cortical thinning of the metadiaphysis > 50% of the expected cortical thickness based on the noninstrumented portion of the humerus with associated epiphyseal loss or cortical thinning and Type B was bone loss above the deltoid of some metadiaphysis and the epiphysis. Type 3 was diaphyseal bone loss extending below the deltoid attachment. Type 3 was subdivided into the following subtypes: Type A was diaphyseal cortical thinning > 50% of the expected cortical thickness below the deltoid attachment based on the noninstrumented portion of the humerus with epiphyseal or epiphyseal/metaphyseal bone loss or cortical thinning and Type B was compromise of the majority of the diaphysis with loss of the epiphysis, metadiaphysis, and part of the diaphysis below the deltoid insertion (Table 1) .
Reliability
Among numeric types, as determined by the grades of the first of our two reviewers to finish grading the radiographs, our study included 38 of 108 (35%) without bone loss, which were used as a control group, 34 of 108 (31%) with Type 1, 27 of 108 (25%) Type 2, and nine of 108 (8%) Type 3. For intrarater reliability, using the full alphanumeric types, k was 0.615 and using just the numeric types, k was 0.660. In 71% (77 of 108) of shoulders, the rater agreed with himself as to the alphanumeric type. In 77% (83 of 108) of shoulders, the rater agreed with himself as to the numeric type. For interrater reliability, using the full alphanumeric type, k was 0.545 and using just the numeric type, k was 0.594. In 65% (70 of 108) of shoulders, the raters agreed on an alphanumeric type. In 71% (77 of 108) of shoulders, the raters agreed on a numeric type. Reliability was slightly improved if the two 15-shoulder training sets were excluded: using the full alphanumeric type, k was 0.581 and using just the numeric type, k was 0.625. In 69% (54 of 78) of shoulders, the raters agreed on an alphanumeric type. In 74% (58 of 78) of shoulders, the raters agreed on a numeric type.
Association Between Humeral Bone Loss Type and Intraoperative Humeral-related Reconstruction Characteristics
Patient characteristics did not differ between groups ( Table 3 ). Most greater tuberosity fixation for intraoperative fracture was in Types 1 and 2 (13 of 18 compared with five of 18 of greater tuberosity fixation that was within Types 0 and 3, p = 0.043). Most structural bone grafting was in Types 2 and 3 (eight of 13 compared with five of 13 of bone grafting was within Types 0 and 1, p = 0.044). In particular, five of 13 Type 2B and two of four Type 3B underwent concomitant bone grafting. Of the nine structural humeral bone grafts placed, three were step-cut and six were not step-cut. These included three femoral allograft ring grafts, of which two were step-cut and one was not, which varied from 3 to 6 cm in length. These also Compromise of the majority of the diaphysis with loss of the epiphysis, metadiaphysis, and part of the diaphysis below the deltoid insertion 
Discussion
Revision shoulder arthroplasty procedures are becoming more common [5, 8, 18, 21, 22] , and humeral bone loss is commonly encountered during revisions [5, 6, 8, 10, 16-18, 21, 22] . Anticipating bone defects can help the revision surgeon achieve humeral component fixation and stability [13, 20] . The PHAROS Classification system was developed to describe humeral bone loss in revision shoulder arthroplasty situations based on the surgical experience of the authors and on the anatomic subregions of the proximal humerus. The proposed classification system has acceptable interrater and intrarater reliability and this retrospective analysis has shown the classification to be helpful in directing operative treatment strategies. In particular, Types 1 and 2 bone loss were associated with use of greater tuberosity fixation of intraoperative fractures, Types 2 and 3 were associated with use of structural humeral bone grafting, and Type 3 diaphyseal bone loss was associated with use of proximal humeral replacement or total humeral replacement. This classification system may be useful in future research regarding revision shoulder arthroplasty. This classification system may also be useful to anticipate the complexity of the humeral reconstruction. Future research will be necessary to understand the treatment implications of the PHAROS Classification. Our study has several limitations. First, a limited number of subspecialty shoulder surgeons were involved in the creation of this system and thus the system may only apply to subspecialty shoulder surgeons. Future studies will be necessary to validate our findings with general orthopaedic surgeons and trainees. Second, this is a retrospective study. A prospective design would have allowed more consistent radiographic collection. Third, although the system was developed and reliability tested using a multicenter approach, our retrospective study was performed on a singlecenter basis. Thus, our results will need to be redemonstrated at other centers. At other institutions with experience or a preference for other implants or other techniques, the procedure performed for each type may differ. To mitigate this limitation, the study group includes revisions performed by five surgeons, of whom only two were involved in the creation of our classification. In addition, the surgeons assigning types by radiographic review did not perform any of the revisions. Further research will be needed to validate this classification using varying treatment strategies and with longer followup periods for predicting relevant complications. Fourth, our study is likely underpowered for some comparisons, particularly those with regard to Type 3 bone loss because bone loss of this severity is rare. Thus, the treatment implications of our system with regard to Type 3 bone loss remain uncertain. Fifth, our system only incorporates information from preoperative plain radiographs. Certainly incorporation of CT scans could provide additional information. However, these studies add cost and subject patients to additional radiation and delay before revision. In addition, many shoulders within our cohort (49% [53 of 108]) did not have preoperative CT scans and thus development of a system that requires CT scans would create substantial selection bias. In addition, bone loss may be affected by intraoperative factors such as component and cement removal or retention or the status of the soft tissues. Because this was a retrospective study, these factors were not consistently universally recorded and thus cannot be studied. Sixth, as implants change, certain elements of our system may become less relevant; for instance, with the development of platform stems, there may be fewer humeral component revisions. Seventh, our study does not include data on clinical outcomes, revision rates, or rates of humeral loosening. The purpose of this initial study was to create a system based on the clinical experience of a group of high-volume surgeons and to demonstrate the system is reliable and future studies will be necessary to determine whether the system is associated with clinical outcome or revision rates. Eighth, our study did not include those shoulders in which the humeral component was not revised and thus our classification system may not be applicable to these shoulders. In this study, we describe a three-part system for the classification of humeral bone loss. Few prior studies have classified humeral bone loss in the setting of revision shoulder arthroplasty. One of the authors (PB) suggested three types: Type A with < 2 cm of epiphyseal bone loss (analogous to Type 1 loss in our system), Type B with < 4 cm of metaphyseal bone loss (analogous to Type 2 bone loss in our system), and Type C with > 4 cm of bone loss extending into the diaphysis (analogous to Types 3 in our system) [2] . McLendon and colleagues have suggested that bone loss be subdivided into < 5 cm (analogous to Types 1 and 2 in our system) and > 5 cm (analogous to Type 3 in our system). Within their study, this threshold was proposed as a guide for indications for a proximal humeral allograft [14] . Neither of these systems has been evaluated for reliability or an association with treatment or complications. Although the biomechanics of the proximal humerus differ drastically from those of the proximal femur, our system incorporates elements of the Paprosky classification for femoral bone loss [19] . This system is widely used [19] . For instance, Paprosky Types 1 and 2, in which the diaphysis is preserved, are analogous to Types 1 and 2 in our system. Similarly, within the Paprosky system, the division between Types 3 and 4 is whether the isthmus remains supportive, which is analogous to the Type 3A versus 3B divide in our system.
We found the PHAROS system to be reliable based on our a priori cutoff for acceptable reliability. Our numeric system, with a k of 0.625 after training, has slightly superior reliability to the commonly used and accepted Paprosky system, which has a k of 0.61 [4] . The authors thus feel that this system is sufficiently reliable for clinical and research use. The system is purposefully alphanumeric to allow surgeons to use either the simplified numeric system or the more complex alphanumeric system. As would be expected, reliability of the simplified numeric system was superior to the more complex alphanumeric system, likely because of difficulty with reliably determining whether cortical thinning had occurred. However, it should be noted that reliability within our system could be improved because there was disagreement between reviewers as to the alphanumeric grade in 35% (38 of 108) of shoulders and as to the numeric grade in 29% (31 of 108) of shoulders, and there was disagreement between the same reviewers on multiple occasions as to the alphanumeric grade in 29% (31 of 108) of shoulders and as to the numeric grade in 23% (25 of 108) of shoulders. Disagreement levels may be even higher with use of the system by those without fellowship training in shoulder and elbow surgery. Disagreement limits future clinical and research use of the PHAROS system. Disagreement is also a limitation of our analysis because the grades of the first reviewer to finish grading the radiographs were used in the comparative analysis. Certainly future research with inclusion of additional radiographs or advanced imaging could be helpful to reduce residual disagreement. Within our series, although training did slightly improve interobserver reliability, the difference was numerically very small and the values including the training sets were still well above our threshold of acceptability, suggesting that individuals new to the system can begin immediate use without training with reliable grades.
We found that our classification system was associated with humeral-related complications and treatment.
Volume 477, Number 2 In particular, Types 1 and 2 bone loss were associated with the use of greater tuberosity fixation of intraoperative fractures, Types 2 and 3 were associated with the use of structural humeral bone grafting, and Type 3 diaphyseal bone loss was associated with use of proximal humeral replacement or total humeral replacement. As future studies apply this classification system in other data sets, this classification system may provide a basis for treatment recommendations. For instance, in the setting of loss of the calcar and greater tuberosity (Type 2A and greater bone loss), the two most commonly utilized landmarks to determine prosthesis height are absent and thus the surgeon could consider obtaining bilateral fulllength humeral radiographs to properly determine prosthesis height and avoid postoperatively undertensioning of the soft tissues and the potential for instability [2, 23] . Similarly, although revision to TSA was possible in seven of 108 shoulders, it was not possible in any shoulders with 1G bone loss, because revision to a TSA in the setting of an irreparable rotator cuff is contraindicated [3, 15] and thus the surgeon should be prepared to consider an RTSA in the setting of 1G bone loss. As the underlying pathology becomes better understood and as new implants and techniques are developed, the development of new types may be necessary, as has occurred in other classification systems [1, 7, 11, 21] . Although the methodology of the current study does not allow the authors to make specific recommendations, the authors suggest that clinic use of this classification system could help surgeons to clarify their approach when facing the full spectrum of humeral bone loss pathology encountered in revision shoulder arthroplasty.
The PHAROS system has adequate, if imperfect, reliability to classify humeral bone loss in the setting of revision shoulder arthroplasty. This classification system may be useful in future research regarding revision shoulder arthroplasty. This classification system may also be useful to anticipate the complexity of humeral reconstruction. Further validation incorporating advanced imaging and further evaluators will be necessary.
